Introduction: Modeling complex knee biomechanics for clinical and basic science research is a continual challenge. Published models commonly focus on limited structures of the knee, use generic representations of bone and cartilage geometry, are an amalgamation of input data (e.g. kinematics, ligament attachment sites and properties) from a variety of sources, are validated to highly constrained motions, or neglect to verify proper activation timing of ligaments.
previously documented values.
[2] Bone and cartilage were represented as rigid with TF cartilage contact controlled using a pressure-overclosure relationship.
[2] A previous experimental study found the meniscus did not significantly affect kinematic excursions during laxity tests, and therefore was excluded from the model. An optimization of ligament stiffness, slack length, and attachment location was performed using Isight (SIMULIA) to match model and experimental kinematics. The magnitudes of allowed ligament parameter perturbations were derived from literature-based material properties and the digitized footprints. First, ligament parameters were simultaneously optimized at all flexion angles for the fully resected condition using IE and VV experimental kinematics. Resulting parameter values were then applied to the intact knee model and the ACL and PCL were tuned using corresponding AP, IE, and VV experimental kinematics. Root mean square errors (RMSE) between predicted and experimental kinematics were calculated. Results: RMSE between the model and corresponding experimental kinematics are shown in Table 1 . Torque-and force-displacement curves predicted by the models agreed well with experimental results; example curves at 30° flexion are shown in Figure 2 . The MCL was active primarily during valgus tests with the sMCL being the major contributor to stability at low flexion and the dMCL providing secondary support beginning at 15°. The LCL was active during varus tests with secondary support from the ALS. At low flexion, the posterior bundles of the collaterals were active, but lessened as flexion increased. Likewise, the PCAP only made contributions at 0°. The LCL and MCL were also active during external rotation. The PFL became active during external rotation and the POL was active during internal rotation. Cruciate activity was greatest during AP tests. The ACL was active during anterior loading, while the PCL was inactive. The PCL was also inactive at 0° during posterior loading, but increased activity at 15° and remained steady at higher flexion. The sMCL and dMCL also increased in activity with flexion during posterior loading. Discussion: Results from the model agreed well with the experimental and other published in-vitro results. [3, 4] As demonstrated, the models can be tuned to simulate motion of an intact knee and also a knee after resection of important support structures like the cruciate ligaments. We have also demonstrated the ability to simulate motion of the natural knee, which is more complex and less constrained than many implanted knees that previous models have presented. The current model is part of a larger study of natural knees and testing protocols that include laxity tests, as well as large range-ofmotion, robotically controlled, walking and squatting cycles. Future work includes developing models of the remaining knees and streamlining the experiment-to-model and ligament tuning processes. Models that have been tuned to kinematic targets with known applied loads will also be reversed to predict joint loads given known kinematics -a necessary validation for our work involving stereo radiography of natural and implanted knees, from which only kinematic data can be directly measured. Significance: An advantage of the current model/experiment pair over many prior models is that loading was performed over a variety of DOF and at multiple flexion angles and directly validated with experimental data. The models' adaptability means certain elements can be replaced with more complex meshes of the collaterals, cruciates, or meniscus for detailed analysis of stress-strain in such structures. Finally, muscles affecting knee motion can be added for musculoskeletal investigations. Thus, the model presented here is an initial yet vital step towards advancing the study of complex motions, loads, and tissue interactions in the natural knee.
